Introduction: the aim of this pilot study was to implement ultrashort echo time (UTE) MRI with bicomponent analysis on grossly normal Achilles tendons with histologic correlation. Materials and methods: six tendon samples which were grossly normal on visual inspection and palpation were harvested. A 2D UTE pulse sequence was implemented on a 3T MR scanner and bicomponent and single-component T2* analysis was performed. Tendon samples were histologically processed and evaluated. Results: mean short T2* fraction was 79.2% (95% confidence interval [CI],70.1 -88.3%), mean short T2* was 1.8 ms (95% CI, 1.3 -2.3 ms), mean long T2* fraction was 20.8% (95% CI, 11.7 -29.9%), mean long T2* was 9.2 ms (95% CI, 5.1 -13.3 ms), and mean single-component T2* was 2.5 ms (95% CI, 1.8 -3.1 ms). Discussion: 2D UTE MRI with bi-component and single-component T2* analysis was successfully implemented. Inter-individual variation can be demonstrated in grossly and histologically normal Achilles tendons.
Introduction
The Achilles tendon is composed of approximately 66% water and the dry weight is approximately 87% collagen and 0.2% glycosaminoglycans (GAGs) 1, 2 . Historically, knowledge of tendon composition has required invasive techniques such as biopsy or has only been available using post-mortem tissue. However, in the past few years, this information has become available using non-invasive magnetic resonance (MR) imaging techniques. MR imaging detects the protons in water and can provide quantitative measures in the form of T2 or T2* values, representing intrinsic tissue biomarkers. These values are typically calculated using single-component models, but can also be calculated using a bicomponent model 3 . Bi-component fitting allows for protons to be assigned to "short" and "long" pools, representing water bound to macromolecules (including collagen and glycosaminoglycans) and bulk water, respectively [3] [4] [5] . A new group of clinically compatible sequences, collectively known as ultra short time-to-echo (UTE) techniques 6 , have been used to show statistically significant differences in bi-component T2* values between healthy volunteers and patients with Achilles pathology 7 . However, there is considerable overlap in reported values when studied in vivo. Additionally, in vivo studies have shown regional variation, with varying quantitative values based on sample location in the proximal-distal direction 7, 8 or within a transverse plane 8 , even in the same patient. The reason for these differences is unclear and differences in normal matrix composition may be a contributing factor. However, subclinical Achilles tendon degeneration is common and an alternate possibility. In cadavers that were reported to be healthy at the time of accidental death, Kannus et al. found Achilles tendon degeneration in 35% of specimens using histologic analysis 9 . There has been a paucity of studies that have performed correlation between quantitative MR measures and histology using Achilles tendons 10, 11 . To the best of our knowledge this has not yet been performed using bi-component analysis with UTE MRI techniques. Therefore, the aim of this pilot study was to implement UTEMRI with bi-component analysis on grossly normal Achilles tendons with histologic correlation to observe the degree of variability.
Quantitative bi-component T2* analysis of histologically normal Achilles tendons
AS/(AS +AL). Estimation of background noise was performed using a maximum likelihood estimation distribution fitting of a partial histogram and non-negative least square curve fitting was employed for both single and bi-component models. Fit curves along with 95% confidence intervals and residual signal curves were created 15 . Coefficient of determination (R 2 ) and root mean squared error (RMSE) were calculated to quantify the goodness of fit 8, 16 . Single component T2* maps were calculated by a pixel-by-pixel basis for visual comparison to histologic slides.
Histologic analysis
Each Achilles tendon piece was fixed in 4% formalin, dehydrated with alcohol, and embedded in paraffin. Sections were cut and stained with hematoxylin and eosin (H&E) and Safranin-O-Fast Green (Saf-O) to evaluate for collagen structural integrity and proteoglycan content, respectively 17 . Tendons were evaluated for signs of tendinosis, including abnormal tenocyte morphology, chondroid metaplasia, fatty/mucoid degeneration, or proteoglycan/GAG deposition 9, 18 . All sections were examined by an experienced pathologist with expertise in orthopedic pathology.
Materials and methods

Sample Preparation
This research study has been conducted according to the international standard and as required by the journal 12 . Specimens used in this study underwent a single freeze-thaw cycle, which occurred prior to dissection. Six tendon samples were dissected from three donor ankles (3 females; 86.3±0.6 years, mean±standard deviation) and were grossly normal on visual inspection and palpation without evidence for tearing, tendon enlargement, or softening. Tendon samples were harvested from the mid-section, defined as the portion of tendon within 3-4 cm above the calcaneal tuberosity. Each tendon sample was approximately 1.5 cm in length. Tendon samples were placed into syringes filled with Fomblin (Ausimont, Thorofare, NJ) to minimize dehydration and susceptibility effects 13 and stored in the refrigerator at 4°C. On the day of imaging, specimens were equilibrated with room temperature for at least 4 hours prior to scanning.
MR imaging and image analysis
MR imaging was performed on a clinical 3T MR scanner (SignaHDx, GE Healthcare Technologies, Milwaukee, WI). The system had gradients capable of a slew rate of 150 T/m/s and amplitude of 40 mT/m on each axis. A 1-inch diameter transmit-receive birdcage coil was used for signal excitation and reception. Tendons samples were carefully oriented in the same expected position as a clinical scan with the long axis of the Achilles tendon parallel to the main magnetic field. The 2D UTE sequence was performed which uses a short half pulse excitation followed by 2D radial ramp sampling (minimal nominal TE of 8 μs). Imaging parameters included: TR = 100 ms, TE = 0.008, 0.1, 0.2, 0.4, 0.6, 0.8, 2, 4, 10, 15, 20, and 30 ms, field-of-view (FOV) = 5 cm, slice thickness = 3 mm, matrix = 256 x 256, and number of excitation (NEX) = 2. Total imaging time was about 13 minutes. Using the axial images, regions of interest (ROI) were placed within each tendon and copied to the corresponding position on subsequent TE images (Fig.  1) . The mean intensity within each ROI was used for curve fitting. Single and bi-component T2* analysis was performed using a semi-automated MATLAB (The Mathworks Inc., Natick, MA) code developed in-house as previously described 3, 14 . 
E.Y. Chang et al.
Statistical analysis
Descriptive statistics were performed. Mean values with standard deviation (SD) and 95% confidence intervals (CI) were reported for single and bi-component analyses. Statistical analyses were performed using the SPSS software package (version 21; SPSS, Chicago, IL, USA).
Results
The 2D UTE protocol generated high quality MR images that adequately sampled the signal decay pattern of tendon (Fig. 1) . Bi-component curve fitting was superior compared with the single-component algorithm for all tendons (Fig. 2) , and the goodness of fit quantifiers (R 2 and RMSE) were also lower for the bi-component fit compared with single-component fitting. Quantitative results are listed in Table 1 . Mean short T2* fraction was 79% (range 67-93%), mean short T2* was 1.8 ms (range 1.4-2.4 ms), mean long T2* fraction was 21% (range 8-33%), mean long T2* was 9.2 ms (range 5.6-16.4 ms), and mean single-component T2* was 2.5 ms (range 1.9-3.1 ms). Single-component T2* maps showed regions of variation within a transverse slice, however all tendons were normal on histologic evaluation without gross discernable differences on either stain (Figs. 3, 4) . Specifically, there were no regions of collagen fiber 24 . As discussed by Zheng et al., transverse relaxation measurements are actually "composite" measures reflecting complex factors at both molecular/structural levels within a specimen and procedural levels including instrumentation used for measurements/data analysis 25 . The complex interplay between detectable relaxation differences, the physical reason for these differences, and the clinical significance of these differences deserves additional study.
Our study has some limitations. First, our sample size was small, consisting of six tendons from three donors. However, this was a pilot study, implementing a relatively new quantitative MRI technique. We were able to confirm that individual variability could be demonstrated in grossly and histologically similar Achilles tendons. With more specimens we would expect an even greater amount of variability. Second, we used only routine light microscopic methods with H&E and Saf-O staining for histologic analysis. Other techniques including polarized light microscopy, transmission and scanning electronic microscopy, and histochemical techniques may have demonstrated additional variability in tissue. However, the basic diagnosis of tendon degeneration can be determined with routine light microscopy 9 .
In conclusion, in our pilot study, we have found that UTE MRI with bi-component and single-component T2* analysis can be successfully implemented. Additionally, we found that grossly and histologically normal Achilles tendons can demonstrate a range of quantitative values using single and bi-component T2* analysis, reflecting individual variability.
